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Abstract 
This paper reports the use of injection-dependent local ideality factors, obtained from quasi-steady state photoconductance and 
photoluminescence measurements, to investigate the effects of various cell processing steps on recombination in solar cells, 
fabricated using boron-doped Czochralski silicon wafers, with an ~ 100 Ω/□ phosphorus-doped emitter and silicon nitride 
passivation of both surfaces. It is shown that activation of boron-oxygen complexes in the cells by light soaking can impact the 
pseudo fill factor and is manifest in increased local ideality factors in the injection range between maximum power point and 
open circuit voltage. The introduced recombination was modeled as a single Shockley Reed Hall (SRH) recombination centre at 
Ec - Et = 0.41 eV and an electron:hole capture cross section ratio of ~14. The effects of boron and phosphorus laser doping on the 
injection-dependent local ideality factor were also investigated. Boron laser doping was shown to introduce additional 
recombination in cells, as indicated by the increased local ideality factor in the injection range between maximum power point 
and open circuit voltage. However, in this case, the additional recombination was not well-modelled by a single SRH 
recombination centre, especially in the mid-injection range. Finally, it is shown that high temperature belt furnace anneals can 
place cells into a specific recombination state, and cells can be returned to this state by subsequent anneals even after additional 
recombination is introduced into cell by processes like laser doping. 
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1. Introduction 
The injection-level dependence of bulk Shockley-Read-Hall (SRH) recombination centres can lead to a reduced 
fill factor (FF) for cells providing the recombination losses associated with the emitter and surfaces are sufficiently 
small to allow bulk lifetime to dominate [1]. Given the increased adoption of emitters with low saturation current 
densities and improved surface passivation, FFs observed for rear locally-passivated cells may now be impacted by 
SRH recombination centres in the bulk of the wafer with asymmetric capture cross-sections, such boron-oxygen (B-
O) complexes [2-5], and the state in which various processing leaves them. In this paper we report the use of the 
injection-dependent local ideality factor, m, estimated from quasi-steady state (QSS) photoconductance (PC) and 
photoluminescence (PL) measurements using the analysis presented in [6, 7], to investigate the effects of various 
processes on the recombination state of B-doped Czochralski (Cz) wafers with an ~ 100 Ω/ phosphorus (P) doped 
emitter and bifacially-passivated with silicon nitride (SiNx) deposited by plasma-enhanced chemical vapour 
deposition (PECVD). Of particular interest were changes due to light-soaking and regeneration [8], laser-doping, 
and high temperature (belt furnace) annealing. 
Boron-oxygen complexes are reported to have asymmetric capture cross sections for electrons and holes [2-4], so 
it is reasonable to assume that recombination associated with these complexes may be injection-dependent [9-14] 
and contribute to reduced FFs much as was suggested for interstitial iron (Fe) in [1]. Initial studies aimed to 
establish whether B-O defects could be activated in cells and their contribution to both the local ideality factor, m, 
and FF determined. Subsequent investigations applied a similar analysis to cells fabricated on the same wafers after 
P and B laser-doping and high temperature belt furnace annealing.  
Although this work was motivated by the observation of lower than expected FFs in plated bifacial laser-doped 
cells on B-doped Cz wafers, it may be relevant to all cells where surface recombination losses are minimised to an 
extent that the effects of bulk recombination may start to impact the FF of completed devices. An objective of this 
work was therefore to develop a method by which the nature of recombination occurring within cells could be 
monitored during the fabrication process. Although QSSPL and QSSPC has been proposed for this function 
previously (e.g., see [6]), we report a method of analysing how a single processing step may alter the recombination 
state of the cell. If the energy level of the recombination centre is known, then the capture cross sections for 
electrons and holes at the recombination centre can be estimated. 
2. Experimental 
2.1. Substrate preparation 
125 mm 1-3  cm B-doped alkaline-textured Cz wafers were P-diffused to form emitters with sheet resistance of 
~ 100 /. After removal of the phosphosilicate glass, the rear surface was single-side etched to remove residual P. 
The emitter and rear surfaces were then passivated with 10 nm thermal oxide + 70 nm SiNx and 10 nm Al2O3 
(PECVD) + 70 nm SiNx, respectively. 
2.2. QSSPL and QSSPC measurements and local ideality factor analysis 
Quasi-steady state PL and PC measurements were performed using a lifetime tester (WCT-120, Sinton 
Instruments) and a flash lamp and then analysed using the generalised method [15]. The QSSPL was calibrated 
using the methods described in [16, 17] resulting in effective minority carrier lifetime, eff, values over the injection 
range of 1 × 109 to 4 × 1016 cm-3.The implied open circuit voltage (iVoc) was calculated from the photoconductance 
measurements at 1-sun using: 
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where k, T, and q represent Boltzmann’s constant, the absolute temperature and the electronic charge, respectively. 
The excess carrier concentration (injection level) was calculated from the sheet photoconductance under 1-sun 
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irradiation, NA represents the B dopant density of the wafers used, and ni is the intrinsic carrier concentration of 
silicon (9.65 × 109 cm-3 at 25 °C[18]). 
The injection-level dependent m curves were generated as described in [7]. This analysis assumes that, at steady 
state, the generation rate, G, equals the recombination rate and therefore m can be calculated using [7]: 
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and graphed as a function of 
n or iVoc. 
Although the wafer was not symmetrically-diffused and passivated, the Auger-corrected [19] high injection PC 
data were used to estimate a dark saturation current due to recombination at both surfaces of the wafer (J0s) [20, 21] 
to assess the effect of each process on recombination at the wafer surfaces. The J0s values were too large to enable 
estimation of the bulk lifetime (bulk) from the low-injection data. 
2.3. Light-soaking effects 
A representative wafer was selected to examine the impact of a belt furnace anneal, light soaking and the B-O 
regeneration process described in [8] on the m(iVoc) curve. After each of these processes the wafer was analysed as 
described in Section 2.2, resulting in an m(iVoc) curve. The wafer was first annealed in an industrial belt furnace at 
a set peak temperature of 700 C at a speed of 4600 mm/s, where it experienced the peak temperature for a period of 
2-3 s. Light soaking was performed at 0.7 to 0.9 suns for 8 hours (natural outdoor sunlight) and the regeneration 
process was performed at 0.7-0.9 suns (natural outdoor sunlight) at 130 °C for 3 hours. 
2.4. Process monitoring of cells 
A set of wafers were cleaved into 9 equal-sized wafer fragments and B laser-doping was performed along the 
perimeter of each of the fragments to ensure uniform emitter isolation across all wafer fragments [22]. The injection-
dependent lifetime of each of the wafer fragments was monitored using QSSPL and QSSPC after the following 
processing steps: 
 
Emitter edge isolation (initial state) → P laser doping → Anneal 700 C → B laser doping → Anneal 700 C 
 
Phosphorous and B laser doping were performed using a 532 nm laser, with 85% phosphoric acid and PBF1 
boron spin-on source (from Filmtronics) being used to form the n+ and p+ grids, respectively. High temperature 
annealing was performed as described in Section 2.3. After each of these processes, the wafer was analysed as 
described in Section 2.2 resulting in an m(iVoc) curve. 
3. Results and discussion 
3.1. Light soaking effects 
Figures 1(a) and (b) show eff, as a function of 
n, and m as a function of iVoc, respectively, for the wafer after 
each of the anneals. Table 1 lists the values of iVoc and m at 1-sun intensity and the values of J0s, estimated as 
described in Section 2.2. The pseudo fill factor (pFF) was calculated based on the generation rate of electron-hole 
pairs assuming a short circuit current density of 39 mA/cm2, which is typical for bifacial solar cells fabricated using 
these wafers. The 700 C anneal resulted in an increased eff at all injection levels and a ~10 mV increase in the iVoc. 
This increase is due to a decrease in J0s by a factor of three and most likely, also increased bulk. However, the 1-sun 
m value increased from 1.1 to 1.3 after this anneal. The reduction in J0s is consistent with the theory that hydrogen, 
released from the SiNx during annealing, reduced the density of interface states at the surface and therefore reduced 
the rate of surface recombination. Unfortunately, in this experiment, it was not possible to differentiate between 
effects at the n-type and p-type surfaces. The fact that m increased in the mpp-iVoc range suggests that the 
recombination state of the wafer was significantly altered (from its initial state) by the annealing process. 
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Changes in the electron and hole capture cross-sections of a SRH recombination centre can result in a transition 
in the m(iVoc) curve where the recombination changes from being limited by the capture of electrons to being limited 
by the capture of holes [9-14]. However, this phenomenon has been primarily studied with respect to surfaces. For 
example, Aberle et al. [10] reported high ideality factors (and low FFs) due to changes in electron and hole capture 
cross sections at the silicon–SiO2 interface. The m(iVoc) curve that resulted after 700 C annealing in this study could 
be explained by the introduction of a new SRH recombination centre or the change of an existing complex or state 
such that its columbic attraction of electrons/holes was significantly altered. Furthermore, it was not possible to 
distinguish whether this change occurred at the surface or in the bulk of the wafer. 
After light soaking in the outdoor environment, eff was reduced over the entire measured injection range and the 
iVoc was reduced by 13 mV. Only a small increase in J0s was observed which supports the conclusion that the 
reduced eff was due to the formation of recombination active B-O complexes in the wafer (i.e., light-induced 
degradation (LID) [2, 23, 24]. The 1-sun m value increased further to 1.5 which resulted in a significant reduction in 
the pFF. The regeneration anneal only partially recovered the effective lifetime for 
n > 1012 cm-3. It is possible that 
the B-O complexes were not fully regenerated in the 3 hours and a longer regeneration time may have resulted in a 
greater recovery. However, when 
n > 1013 cm-3 is considered, the regeneration anneal appears to return the wafer to 
the same “recombination state” as the 700 C anneal, with the red and blue curves in Fig. 1(b) being almost co-
incident and values of m at 1-sun being the same. The pFF also recovered from 81.0% to 82.3% after the 
regeneration anneal which is close the value of 82.5% estimated before the light soak. After the regeneration 
process, the Jos continued to increase from that measured after the 700 C anneal, however this is consistent with 
some reactivation of defect states at the silicon interface which may be caused by release of hydrogen from 
passivating states. Corona-charging capacitance voltage measurements of the density of interface states, Dit, [25, 26] 
could be used to verify this hypothesis. 
 
 
Fig. 1. (a) Injection-dependent eff; and (b) m curves for a representative wafer after the different annealing processes (see Section 2.3). 
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Table 1. Summary of calculated cell parameters after each of the different annealing processes (see Section 2.3). 
Process 
Jos 
(fA/cm2) 
1-sun iVoc 
(mV) 
1-sun 
m 
pFF 
(%) 
Before anneal 77 675 1.1 82.2 
Anneal 700 °C 28 685 1.3 82.5 
Light Soak 33 672 1.5 81.0 
Regeneration 39 678 1.3 82.3 
 
The recombination state of a cell is influenced by the contributions of many individual SRH recombination 
centres, therefore it is difficult to extract the effect that processing may have on a single SRH recombination centre, 
as the trap energies, Et, and capture cross sections of all the contributing recombination sources are generally not 
known. However, if it is assumed that a process (e.g., “light soaking”) activates a single recombination centre in the 
wafer whilst leaving all other centres largely unchanged, then it was hypothesised that eff(
n) could be analysed 
using a difference method, whereby eff(
n) could be represented by the initial recombination state of the wafer [i.e., 
experimentally measured values of the initial state, eff,init(
n)] and a single additional SRH centre as represented in 
Eq. (3):  
 
 
     (3) 
 
where n1 and p1 are the equilibrium electron and hole density, respectively, when the Fermi level coincides with the 
energy of the recombination centre, Et. If properties of the SRH recombination centre are known, then these can be 
used to fit Eq. (3) to the experimental data and estimate values for τn0 and τpo which represent the capture time 
constants or lifetimes of electrons and holes for the SRH recombination centre. The value of Et has been reported to 
be 0.41 eV below the conduction band for the recombination-active B-O complex [3].  
Figure 1 suggested that the regeneration anneal leaves the wafer in an almost identical recombination state as the 
700 ⁰C anneal process, consequently τn0 and τpo were estimated for the simulated B-O defect using the 700 C anneal 
state and then the regenerated state as the initial state, eff,init (
n). Figures 2 (a) and (b) show the resulting simulated 
m(iVoc) data, while Figs. 3 (a) and (b) show the same fits as simulated eff (
n) data. Table 2 lists the estimated 
values of τn0 and τpo. Both fitting processes resulted in similar estimates for τn0 and τpo which provided further 
evidence that the 700 C anneal placed the wafer in the same recombination state as the regeneration anneal. The 
capture cross section ratio n/p was calculated to be 14.7 (when using the 700 C annealed state as the initial state) 
and 14.0 (when using the regenerated state as the initial state) from τn0 and τpo using: 
 
           .         (4) 
                                                       
These values are slightly higher than the value of 9.3 reported by Rein and Glunz for the B-O defect [3]. Expecting 
exact agreement to a ratio measured using temperature injection-dependent lifetime spectroscopy is perhaps 
unreasonable given that we cannot be sure that only a single SRH centre is activated by the light-soaking process, 
however this example shows how n/p can be estimated from the QSSPL and PC data. Simulations for a mid-
bandgap defect (e.g., see [12]) predict that the transition peak in the m(iVoc) curve can occur in the mpp-iVoc range 
for n/p ratios of ~10. Although larger n/p ratios result in higher peaks in the m(iVoc) data, the peak is shifted to 
lower injection where it does not significantly impact device performance. 
As shown by Macdonald for recombination associated with Fe impurities [1], an increased concentration of B-O 
defects would be expected to result in a larger injection-dependence of the SRH recombination resulting in an even 
greater impact on pFF up until the point where the cell’s Voc begins to be impacted. The analysis reported here may 
therefore be a useful way in which to investigate the properties of B-O complexes in cells. The ability to also extract 
pFFs from the QSSPL/PC data enables the effect of the recombination to be directly related to potential FF loss, 
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with the m(iVoc) curves providing a graphical link between physical recombination properties and the electrical 
diode model of a solar cell.  
Before we leave this example, it is interesting to note that annealing processes which have been reported to 
achieve high implied Voc values [27] may be placing complexes in the “regenerated” state therefore providing 
further evidence for the role of hydrogen in the permanent deactivation of B-O defects [8]. Although the 1-sun m 
value associated with this “regenerated” state is less than the “light-soaked” state, it is still ~ 1.3, and therefore may 
indicate a difficulty in achieving both a high Voc and high FF using the belt furnace annealing processes used in this 
work.  
 
 
Fig. 2. Injection-dependent m curves for an initial state, light-soaked state and the best fit of Eq. 3 to the light soaked data, with (a) assuming an 
initial state after the wafer was annealed at 700 C, and (b) assuming an initial state after the wafer was regenerated. Ec -Et = 0.41 eV was used 
for both fits [3]. 
 
Fig. 3. Injection-dependenteff curves for an initial state, light-soaked state and the best fit of Eq. 3 to the light soaked data, with (a) assuming an 
initial state after wafer was annealed at 700 C, and (b) assuming an initial state after the wafer was regenerated. Ec -Et = 0.41 eV was used for 
both fits [3]. 
 
Table 2. Values of τn0 and τpo obtained by fitting Eq. (3) to the experimental light-soaked data.  
All fits assumed Ec -Et = 0.41 eV. 
Initial Process n0 (μs) p0 (μs) n/p 
700 C Anneal  150  2200 14.7 
Regeneration 150 2100 14.0 
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3.2. Process monitoring of cells 
Figure 4 (b) graphs m, calculated from the QSSPL and QSSPC data recorded for a wafer fragment after laser-
doping and annealing processes, as a function of iVoc. As mentioned in Section 2.1, all the wafer fragments were 
edge isolated (by B laser-doping around the perimeter of the fragment) after cleaving from an initial 125 mm wafer 
to ensure that all fragments had the same edge recombination properties. Table 3 lists the effective J0s, 1-sun m and 
iVoc and pFF values of the same example wafer fragment at each of the different processing stages. All wafer 
fragments showed a similar trend with processing but the actual values differed slightly from fragment to fragment. 
Although the P laser-doping process reduced the iVoc, it did not significantly affect the m(iVoc) curve implying 
that it did not introduce additional dominant SRH recombination centres in the wafer. The J0s is slightly increased 
which is to be expected given some laser damage at the n-type surface. However, the first 700 C anneal 
significantly changed the recombination state of the wafer. The value of m was reduced at low injection, however it 
increased to 1.3 - 1.4 in the mpp-Voc region and decreased the pFF. As observed for the representative wafer 
reported in Section 3.1, this anneal also decreased J0s, however there was no significant impact on the iVoc. 
The B laser-doping resulted in a significantly decreased iVoc and increased m in the mpp-Voc range to 1.5 
corresponding to a further reduction in the pFF to 81.1%. The B laser-doping, which was performed using a laser 
speed of 0.5 m/s, is known to create very deep locally-diffused p+ regions [28], therefore increasing the surface area 
of the recrystallised silicon volume. The laser used for these experiments has a Gaussian beam shape, consequently 
less energy was absorbed at the edges of the laser grooves resulting in non-uniformly doped silicon and, in some 
cases, partially-opened regions which exposed lightly-doped silicon at the surface. These non-uniform edge regions 
can significantly impact eff. 
The subsequent 700 C anneal effectively returned the wafer to a similar recombination state as recorded for the 
first 700 C anneal. There is some recovery of the iVoc losses incurred by the B laser doping process, however the m 
value in the mpp-Voc range and the pFF were the same as recorded for the earlier 700 C anneal. This suggests that 
the wafer was returned to the same recombination state even after the introduction of new SRH recombination 
centre(s) by the B laser doping process. The B laser-doped recombination state was simulated using the method 
described in Section 3.1, assuming an initial state described by the eff(
n) data recorded after the first 700 C 
anneal. Although it is possible that the B laser doping process may introduce further B-O defects, this analysis 
assumed a single mid-bandgap SRH recombination centre with Et = 0.56 eV. The simulated data is shown with the 
experimental data in Fig. 4 and the estimated values of τn0 and τpo are listed in Table 4. The capture cross section 
ratio n/p, calculated from of τn0 and τpo is 5.6, which is significantly less than the value of ~14 estimated for the B-
O defect in Section 3.1. Although there is good agreement between the simulated and experimental data at high 
injection, differences exist at mid injection suggesting that the damage incurred by B laser doping may not be well 
described by introduction of only one additional SRH recombination centre.  
Cotter et al. [13] reported injection-dependent recombination, which was characterized by peaks in the m(iVoc) 
curve in the mpp-Voc range and reduced FFs for heavy boron groove diffusions in double-sided buried contact p-
type cells. They attributed this to diffusion-induced misfit dislocations, however the peaks (and reduced FFs) were 
not observed for n-type cells. It is not known whether boron laser-doping results in similar dislocations, however it 
would be interesting to determine whether similar recombination is introduced by boron laser-doping of n-type cells. 
Although there is clearly much still to understand about what is occurring in cells once SRH recombination centres 
are introduced via processes like B laser doping, this study has demonstrated a method that can be used to 
investigate the nature of recombination changes after each processing step.  
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Fig. 4. (a) Injection-dependent eff; and (b) m-iVoc curves for a wafer fragment after different processes. 
Table 3. Summary of calculated cell parameters after each of the different processes (see Section 2.4). 
Process 
Jos 
(A/cm2) 
1-sun iVoc  
(mV) 
1-sun 
m 
pFF 
% 
Edge Isolation 106 665 1.1 82.0 
P laser-doping 116 654 1.2 81.7 
Anneal 700 °C 53 654 1.4 81.4 
B laser-doping 57 636 1.5 81.1 
Anneal 700 °C 60 645 1.4 81.4 
 
Fig. 5. Injection-dependent m curves for an initial state (700 C anneal), B laser-doped state and the best fit of Eq. 3 to the B laser-doped data. 
The fitted data assumed an Et value of 0.56 eV. 
Table 4. Values of τn0 and τpo obtained by fitting Eq. (3) to the experimental B laser-doped data. Data fitting assumed 
that Ec -Et = 0.56 eV. 
 Initial Process n0 (μs) p0 (μs) n/p 
700 C Anneal  180  1000 5.6 
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4. Conclusion 
This study explored the possibility that recombination centres with injection-dependent lifetimes due to 
asymmetric capture cross sections (such as B-O defects), can be manifest in elevated m values in the mpp-Voc region 
of rear-passivated cells, thereby providing an indicator for reduced device FF substantially as predicted in [1]. 
Injection-dependent recombination has been described previously [9-14], however the focus of these earlier studies 
was on surface recombination. The improved levels of surface recombination enabled by having hydrogenated SiNx 
layers on both wafer surfaces, raises the possibility that bulk recombination centres, such as B-O defects which are 
known to have n/p ratios ~ 10, may begin impacting device FF. 
We demonstrated the use of injection-dependent local ideality factors extracted from QSSPL and QSSPC 
measurements [6, 17] to observe changes in the recombination state of cells fabricated using B-doped Cz wafers 
after introducing and eliminating recombination-active B-O defects as described in [8]. The generated m(iVoc) 
curves represent recombination states of cells, and it was shown that the regeneration process described by Wilking 
et. al [8] places the cell in an almost identical recombination state as a 700 C belt furnace anneal. Furthermore, B-O 
defects, that were activated by light soaking, were modeled as a single SRH recombination centre with an estimated 
n/p ratio ~ 14 using a method which represented all the other sources of recombination in the wafer using eff (
n) 
data recorded before light soaking. This estimate is larger than values of ~ 10 that have been previously-reported for 
B-O defects, however there are a number of assumptions inherent in the analysis presented here, the first and 
foremost being the assumption that recombination introduced by light soaking was due to a single recombination 
centre and all other recombination in the wafer was unchanged by the process. The described method however does 
demonstrate how injection-dependent lifetime measurements using PL and PC can be used to extract information 
about the nature of recombination in the device and indicate when FFs may be potentially impacted by various 
processing steps.  
As mentioned in the Introduction, this work was motivated by the observation of lower than expected FFs in 
plated bifacial laser-doped p-type cells. We have presented initial results that demonstrate the effect of P and B laser 
doping on the m(iVoc) curves generated from B-doped cells bifacially-passivated with SiNx. Although the B laser 
doping process introduced additional recombination to the cell which was manifest in an elevated m value of 1.5 in 
the mpp-Voc injection range, the additional recombination was not well-modelled by a single SRH recombination 
centre, in the mid-injection range. Future research will extend this analysis to investigate sources of recombination 
that are introduced into the cell as part of the metallisation process, of particular interest is the Ni sintering process. 
Although the use of QSSPL to measure lower injection lifetimes was not critical for the work reported here, it will 
become key to extending the research into the effects of metallisation where PC data may not be available. Finally, 
the results presented in this paper demonstrate how SRH recombination centres, with injection-dependent lifetimes 
due to an asymmetries in their n/p, can potentially decrease device FF.  Peaks in local ideality factor curves in the 
mpp-Voc range can provide a useful graphical indicator of this injection-dependent recombination. 
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